to result from the disruption of EC tight junctions (TJs) and is often more rapidly developing and severe than the capillary leak that occurs with systemic inflammation (Xie et al., 2014) . Capillary leak in SCLS also occurs in the setting of minimal or absent systemic inflammation. The inciting events of the dramatic EC permeability changes in pediatric SCLS are unknown, as are the cellular mechanism of capillary leak. Both dysregulated mediator production with normal vascular cell function (Kinoshita et al., 2010; Xie et al., 2013) and intrinsic dysfunction of EC response to systemic signaling (Assaly et al., 2001; Xie et al., 2012) have been proposed. Here we present a patient with SCLS and increased capillary leak due to increased and sustained RhoB activity associated with a deleterious mutation in the regulatory protein p190BRhoGAP. results and dIscussIon case presentation A 12-yr-old boy was diagnosed with SCLS at 10 yr of age and had several mild and three severe episodes (requiring intensive care) over the course of his life starting at age 7 yr. He had no other significant medical history. He was seen in the pediatric emergency department and discharged the previous evening for nonlocalized abdominal pain that self-resolved. Hours after discharge, he was found unresponsive at home in cardiac arrest. Cardiopulmonary resuscitation was initiated, and he was transported to our emergency department where he was resuscitated with return of spontaneous circulation. At that time, he was noted to have dilated and nonreactive
We describe a fatal case of pediatric systemic capillary leak (clarkson's disease) associated with a point mutation in p190BrhoGaP. dermal microvascular endothelial cells (ecs) isolated from this patient form monolayers with similar levels and distribution of junctional proteins and transendothelial electrical resistance compared with normal human dermal microvascular ecs. However, patient-derived ecs demonstrate a greater increase in permeability and impaired recovery of barrier function in response to tumor necrosis factor (tnF) compared with normal donor ec cultures. tnF transiently activates rhoB in ecs coincident with developing leak, and inactivation of rhoB correlates with barrier recovery. the mutation in p190BrhoGaP impairs rhoB inactivation, and the mutant phenotype of patient-derived ecs is replicated by sirna knockdown of p190BrhoGaP in normal ecs. these data suggest a previously unknown function for p190BrhoGaP in control of capillary ec barrier function that may also be important in acquired systemic capillary leak associated with critical illness in humans.
pupils. His initial hematocrit was 48%, 20% above his baseline, and albumin was <1 g/dL (below laboratory detection limit), both hallmarks of a severe SCLS episode. During resuscitation in the first 24 h, he required 4.5 liters of crystalloid and 4 liters of colloid volume resuscitation as well as infusions of dopamine, norepinephrine, and epinephrine to maintain age-appropriate mean arterial blood pressure. He developed pediatric acute respiratory distress syndrome with characteristic chest radiograph findings consistent with severe pulmonary edema and hemorrhage ( Fig. 1 A) . Laboratory studies revealed evidence of disseminated intravascular coagulation, acute renal failure, rhabdomyolysis, acute liver injury, cardiac ischemia, and severe anoxic brain injury. On the sixth hospital day, life-sustaining therapies were withdrawn, and the patient passed away.
autopsy analysis
Autopsy findings were consistent with the patient's terminal clinical course. Although not an obese child, the patient's postmortem weight was in the 93rd percentile for age and gender, despite a corresponding height in the 27th percentile, attributable to fluid retention, although generalized edema was only minimally evident. The extremities were devoid of swelling, with mild edema identified only in the tongue, lips, and scrotum. Notably, both ascites (100 ml) and a right pleural effusion (140 ml) were appreciated on autopsy. The most significant findings of the postmortem examination pertained to the lungs and brain. The former exhibited pulmonary hemorrhage bilaterally with concomitant evidence of diffuse alveolar damage, aspiration pneumonia, and pediatric acute respiratory distress syndrome ( Fig. 1, B -E) . Review of the brain demonstrated massive, diffuse cerebral edema with evidence of global hypoxic-ischemic encephalopathy as well as bilateral uncal and tonsillar herniation (Fig. 1 , F and G). Additional autopsy findings (not depicted) included congestive hepatopathy, acute tubular necrosis in the kidney, hypertrophy of the cardiac left ventricular wall, and an incidentally identified trilobed left lung. Bone marrow examination revealed <5% plasma cells with normal kappa-lambda balance inconsistent with monoclonal gammopathy of undetermined significance, commonly associated with the adult form of SCLS. Other organ systems were without significant gross and histological abnormality. There was no evidence of myocardial infarction, infection, stroke, gastrointestinal bleed, or pulmonary embolism that could explain a severe episode of capillary leak. Thus, although the autopsy findings were consistent with the clinical course, they did not specifically identify the etiology of SCLS nor indicate a specific precipitating event for this terminal episode. dermal microvascular ecs isolated from the scls patient display normal junctional structures and G-protein receptor-induced responses but altered tnF responses Human dermal microvascular ECs (HDM ECs) isolated from a skin sample obtained at autopsy of the patient (SCLS HDM ECs) demonstrated normal growth and morphology compared with HDM ECs isolated from healthy donor patients (normal donor HDM ECs). In the course of these studies, the SCLS HDM ECs were compared with three to six different normal donor HDM EC isolates in each assay, although the donors were not necessarily age or gender matched. SCLS HDM ECs form high-resistance barriers comparable to normal donor HDM ECs ( Fig. 2 A) , previously shown to depend on TJs (Kluger et al., 2013) . The ability of HDM ECs to spontaneously form TJs, a property not shared by more commonly used cultured human umbilical vein ECs, makes them a good model for the study of capillary leak, which depends on TJ disruption. Consistent with high-resistance barriers, both SCLS and normal donor HDM ECs display similar amounts and distribution of claudin-5, a specific organizing protein for HDM EC TJs (Kluger et al., 2013) , by immunofluorescence microscopy ( Fig. 2 B, left) and have similar ultrastructural appearance by electron microscopy (Fig. 2 D, top) under standard culture conditions. Specifically, immunofluorescence microscopy showed that claudin-5 was concentrated in a continuous, narrow band at the junctions, and electron microscopy revealed normal tongue-in-groove (TIG) structures (cellular process bordered on three sides by one from another cell) and TJs that are indistinguishable between normal donor and SCLS HDM ECs (quantification, Fig. 2 , C, E, and F). Additional staining revealed similar patterns of basal distribution for other junctional proteins, including ZO-1, CD144 (VE-cadherin), CD31 (PEC AM-1), and JAM-A as well as staining for cortical actin fibers ( Fig. S1 ). JAM-C staining was not discernable in HDM EC cultures. The response of the SCLS HDM ECs to G-protein-coupled receptor agonists such as histamine and thrombin were also indistinguishable from normal ECs, with rapid declines and rapid recovery of transendothelial electrical resistance (TEER), a continuous, real-time, noninvasive measure of paracellular leak ( Fig. 3 A) . After 6 h of exposure to low-dose (0.5 ng/ml) TNF, both SCLS and normal donor HDM ECs showed a similar pattern of disruption of staining for ZO-1, CD144, and CD31, and cortical actin showed disruption of cortical actin staining, although changes in JAM-A were not apparent ( Fig. 2 , B-F; and Fig. S1 ). By 24 h, significant recovery of contiguous membrane claudin-5 staining, TJs, and TIG features was observed in the normal donor HDM ECs was noticeably absent in SCLS HDM ECs. Other junctional markers showed less evidence of recovery compared with basal staining in both cell types ( Fig. S1 ). When assessed by electrical cell-substrate impedance sensing (ECIS), SCLS HDM ECs demonstrate both an accelerated rate of decrease in TEER in response to TNF stimulation (Fig. 3 B) and a profoundly compromised ability to recover barrier function after treatment with TNF compared with normal donor HDM ECs. (Fig. 3 C) . Similar differences were observed between SCLS HDM ECs and normal donor HDM ECs when cultures were subjected to treatment with IL-1β or Escherichia coli-derived LPS (Fig. S2 ).
Identification and confirmation of a causative single protein mutation
The experiments with the SCLS HDM ECs implied that the cause of systemic capillary leak in this pediatric patient was EC-intrinsic and related to an altered response to TNF and similarly signaling mediators. To identify a possible basis for this phenotype, we performed whole-exome sequencing on both the patient and the patient's mother (the father declined to participate). Single-nucleotide variations (SNVs) were filtered for novelty in the Exome Aggregation Consortium (ExAC) database and absence in the healthy mother. In addition, we restricted our attention to genes known to be expressed in HDM ECs by reference with an RNA whole-transcriptome dataset (not depicted). The 12 most likely disease-causing gene targets identified were ACAN, AGAP11, ARH GAP5, BCR, COM MD4, KSR1, PCD HGA12, RGPD5, STAM, TTN, and TYRO3. Each candidate gene was screened by using siRNA knockdown and for effects on TNF-mediated alterations in TEER. Only an siRNA knockdown of the protein p190BRhoGAP, encoded by the gene ARH GAP5, produced the same ECIS phenotype as observed in the SLCS HDM ECs (Fig. 3 D) . The patient, but not his mother, had an SNV, adenosine 2,285 to thymidine, in one copy of the ARH GAP5 gene on chromosome 14 (position 32,562,160 of genome build 37), as confirmed by Sanger sequencing. This SNV resulted in a single amino acid change, changing aspartic acid 762 to valine. This residue change is predicted to be very deleterious to protein function by PolyPhen2 (0.55, P), SIFT (0.04, D), LRT (0, D), and MutationTaster (1, D) scores and occurs at a site that is highly conserved among humans and other species. Unfortunately, the protein structure of p190BRhoGAP is not known, and the protein lacks sufficient similarity to proteins of known structure to reliably model the residue's specific functional impact. The mutation may render a functional haploinsufficiency and/or act as a dominant negative mutation. Stability of p190BRhoGAP does not appear to be affected by this mutation (Fig. 2 G) . A CRI SPR/Cas9 approach to introduce or rescue a specific mutation in HDM ECs is not possible because HDM ECs lack the replicative capacity to allow for single-cell cloning. It is worth noting that, although several studies have been published on the function of p190ARhoGAP (also confusingly referred to as p190RhoGAP) in regulating endothelial permeability (Li et al., 1997; Su et al., 2003) , this protein is encoded by the gene ARH GAP35 and shares only ∼50% sequence identity with the protein p190BRhoGAP identified as altered in our patient. The gene for ARH GAP35 was not mutated in our patient.
The exact functions of p190BRhoGAP are unknown, although it does not associate with RhoA and may associate with Rnd proteins (Wennerberg et al., 2003) . Generally, Rho GTPase activating proteins (RhoGAPs) stimulate GTP hydrolysis by and inactivation of one or more of the three Ras homologue gene family members expressed in humans (RhoA, RhoB, and RhoC). RhoA has been implicated in alterations of barrier function by thrombin, but neither its abundance nor its activation is altered by TNF in HDM ECs (not depicted). In contrast, both the abundance of RhoB transcript ( Table 1) and activation of RhoB protein are increased by TNF treatment of HDM ECs. RhoB has recently been shown to have a unique C-terminal region and may have specialized functions not shared by RhoA or RhoC (Vega and Ridley, 2016) . Importantly, activated RhoB has been specifically implicated as an inhibitor of EC barrier recovery by sequestering Rac1 away from intercellular junctions in human umbilical vein ECs stimulated by thrombin (Marcos-Ramiro et al., 2016) . Consistent with this study, we found increased active RhoB and prolonged activation of RhoB in response to TNF in SCLS HDM ECs compared with control HDM ECs (Fig. 4, A and B) . Interestingly, the net increase of RhoB transcript determined by RNA sequencing (Table 1 ) and total RhoB protein in normal donor HDM ECs before and after TNF treatment is less pronounced than the increase in activated (GTP-bound) RhoB (Fig. 4 A) . The absolute levels of RhoB protein and active RhoB varied among different control HDM EC cultures at baseline, but all showed qualitatively similar responses to TNF, with an early increase at 6 h that was largely unchanged or declining by 12 h. Only SCLS HDM ECs showed significantly more active RhoB at 12 h than 6 h of TNF treatment. The sustained or increasing activation of RhoB correlates with the defective recovery of barrier function observed on ECIS. A similar pattern of prolonged RhoB activation was observed after the siRNA knockdown of p190BRhoGAP in normal donor HDM EC (Fig. 4, C and D) . The rescue of SCLS HDM ECs by overexpression of wild-type protein would provide further support for the causal role of our patient's mutation of ARH GAP5 both as a specific RhoB GAP and as the etiological basis of the capillary leak, but the limited supply of these cells and the availability of suitable cDNA constructs precluded such an analysis.
In conclusion, we report a case of a pediatric patient with fatal SCLS associated with a mutation in p190BRhoGAP and show that this protein functions to terminate capillary leak in response to TNF through inactivation of signaling by RhoB in HDM ECs. Although TNF-mediated permeability was evaluated in this study, similar responses of SCLS HDM ECs to IL-1β and LPS were observed, each of which caused HDM ECs to disrupt TJs in a process involving NF-κB-dependent new gene expression, including RhoB (Clark et al., 2015) . The defect discovered in this patient may have revealed a potential target for controlling inflammation-associated capillary leak induced by severe illness in the general population.
MaterIals and MetHods autopsy
The autopsy was conducted at an interval of 19 h post-mortem and began with the standard, complete external examination. A comprehensive internal assessment followed, which included both in situ and ex situ reviews of all organs in fresh and formalin-fixed states, respectively. The autopsy concluded with the histological evaluation of tissues representing all major organs. Immunostains and special stains were performed on an as-needed basis. ECs were identified by anti-CD31 antibody (Agilent) shown in Fig. 1 that was used via the standard protocol used for all surgical pathology specimens at our institution.
Isolation of HdM ecs
All human cells were isolated under protocols approved by the Yale Institutional Review Board. Control HDM ECs were isolated from normal human skin collected from reduction mammoplasties or abdominoplasties obtained as discarded and deidentified tissue from Yale-New Haven Hospital, New Haven, CT. Patient-derived SCLS HDM ECs were cultured by the same approach from abdominal skin obtained at necin the SCLS HDM ECs compared with normal donor HDM ECs in response to stimulation with 10 ng/ml TNF. Significant differences between normal donor and SCLS HDM ECs are noted at 4.5 h (*, P < 0.05). Data are from a collection of four separate experiments. (C) SCLS HDM ECs demonstrate a prolonged barrier decrease in a dose-response relationship to TNF. Stimulation with all doses of TNF revealed increased permeability and delayed barrier recovery. Data are from two separate experiments (D) An ∼50% siRNA knockdown of p190BRhoGAP, assessed by immunoblotting, in normal donor HDM ECs suggests p190BRhoGAP produces a similar dysfunction defect in barrier recovery as seen in the SCLS HDM ECs by ECIS. Knockdown of the protein product of ARH GAP5, p190BRhoGAP by ∼50% with siRNA. Significant differences between nontargeting and ARH GAP5 siRNA-treated HDM ECs are noted at 5 h. Data are from a collection from three experiments. (E) Viability and cell counts. Differences in TEER are not due to cell death (left) or cell number (right). There were no significant differences between cell types. Compiled data are from two experiments. Data are expressed as means ± SDs. ropsy. Fresh skin was cut into 3 × 10-cm sections, stretched flat, and sectioned horizontally by using a dermatome with a 0.016-in-depth gauge and guard (Weck). After a 30-min incubation in dispase (Collaborative Biomedical Products) in a 37°C water bath, the epidermis was peeled off, and cells from both sides of the underlying dermis were gently scraped into RPMI 1640 media (Life Technologies) and filtered through a 70-pM nylon mesh. The filtrate, containing single cells, was washed once in EGM2-MV (Lonza) and plated onto tissue culture plastic (Becton Dickinson) precoated with human plasma fibronectin (EMD Millipore) and cultured at 37°C in a humidified 5% CO atmosphere. When the cultures reached ∼50% confluence, the cells were suspended with trypsin and positively selected for CD31 with magnetic beads (Miltenyi) per the manufacturer's protocol. The selected cells were cultured and serially passaged in 0.1% gelatin-coated (Sigma) tissue culture flasks. By FACS analysis, the cells appeared uniformly positive for CD31, CD34, and endoglin. Cultured HDM ECs express both the lymphatic EC markers Prox-1 and podoplanin and will express blood vascular EC markers E-selectin and VCAM-1 on treatment with TNF. Aliquots of HDM ECs are cryopreserved in 10% DMSO (Sigma) in FBS (VWR) at the third passage and may be serially passaged for an additional 5 passages. All experiments in this manuscript comparing normal donor HDM ECs to SCLS HDM ECs used cells at identical passage levels.
Whole-exome sequencing DNA was prepared from venous blood samples of our SCLS patient and his mother under Yale's Institutional Review Board protocol with appropriate informed assent and consent. Exome sequencing was performed by capture on the NimbleGen 2.1 Exome reagent followed by 74-base-paired end sequencing on an Illumina platform (HiSeq 2000) to high coverage (each targeted base was read by a mean of >80 independent reads in each subject) as previously described (Romberg et al., 2014) . Sequences were aligned to NCBI Build 36 of the human genome and SNVs and indel calls were assigned quality scores by using SAMtools and annotated for novelty (by using ExAC, Yale, 1000 genomes, and NHL BI exome databases), for impact on encoded proteins, and for conservation of variant position, all as previously described (Romberg et al., 2014) . A total of 76,139 SNVs were identified in the patient and analyzed. SNV analysis was conducted in stepwise fashion:
(1) Limit to exonic SNVs; (2) Delete silent SNVs; (3) Filter by novelty in the ExAC genome database; (4) Analyze all SNVs that result in loss of protein function; (5) Elimination of SNVs found in the patient's asymptomatic mother; and (6) Com- pare with RNA sequencing from normal donor HDM EC under similar culture conditions and before and after TNF exposure. Sanger sequencing was performed to confirm the mutation of the presence of the ARH GAP5 SNV in the patient and absence in the patient's mother.
teer measurements TEER of HDM EC monolayers was assessed by ECIS (8or 96-well arrays, catalog numbers 96W20idf or 8W10E+, respectively, both with polyethylene terephthalate; from Applied BioPhysics) stimulated with TNF (Life Technologies), IL-1β (PeproTech), and LPS (Sigma) as described (Kluger et al., 2013) . Figures illustrate normalized TEER values (where the value of 1.0 represents the basal TEER measurement immediately before adding cytokine). Data were recorded by an ECIS Z-theta instrument controlled by a Dell personal computer equipped with ECIS software (Applied BioPhysics).
sirna inhibition of gene expression
HDM ECs plated on gelatin-coated (Sigma) 6-well plates (Flacon, Corning) at 50% confluence were transfected with Lipofectamine RNAiMAX (Invitrogen) complexed to either of two different siRNA sequences that specifically targeted to ARH GAP5 per the manufacturers protocol. The siRNA sequences used were commercially available (Dharmacon D-009580-17 and D-009580-18 for ARH GAP5 and D-001210-02-05 for nontargeting control). Both targeting siRNAs gave qualitatively similar results in preliminary experiments (Fig. S2) , and the more effective of the two, D-009580-17, was used in all subsequent experiments. In brief, siRNA complexes of Lipofectamine (Invitrogen) at 50 µg/ml and siRNA at 100 nM were prepared in Opti-MEM I Reduced Serum Medium (Invitrogen) and then diluted fivefold in Opti-MEM to yield a final siRNA concentration of 20 nM. The siRNA-Lipofectamine was then added to HDM ECs cultures and incubated for 2 h at 37°C. Fresh medium (EGM-2MV, Lonza) was then added overnight, and cells were retransfected 24 h later. After resting for 24 h, HDM ECs were then trypsinized and seeded into gelatin-coated ECIS 8-chamber arrays (Applied BioPhysics, catalog #8W10E+) at 100,000 cells per well or maintained in the same culture ware for protein analysis.
Immunoblot analysis of protein expression and rhotekin pull-down assays
For immunoblot analyses, HDM ECs cultured as described in C12 or C24 plastic wells (Falcon, Corning) were prepared for electrophoresis with SDS-PAGE gels (Bio-Rad), transferred onto polyvinylidene fluoride filters (Millipore), and immunoblotted as previously described (Kluger et al., 2013) . Antibodies for RhoB (Cell Signaling, Cell Biolabs), β-actin (ThermoFisher), HSP90 (ThermoFisher), and p190BRhoGAP (Bethyl) were used. Immunoblot images display bands of interest and controls from the same contiguous immunoblots with background levels minimized by adjusting all pixels equally with ImageJ 1.50i software (National Institutes of Health). For immunoblotting for p190BRhoGAP stability, confluent HDM EC monolayers were treated with 10 μM cycloheximide (Sigma) and washed with phosphate buffered saline (Lonza) twice before collection with SDS-PAGE-reducing Lameli buffer (Bio-Rad). Rhotekin pull-down assays were performed by using RhoB Activation Assay kits (Cell Biolabs). HDM ECs cultured in C12 or C24 plastic wells (Flacon, Corning) were lysed with the buffer contained in the activation assay kit and either flash frozen in liquid nitrogen or processed immediately. Incubation with rhotekin-agarose beads was performed with agitation for 1 h at 4C. The beads were pelleted by centrifugation and washed with the kit buffer three times. Samples were either frozen at −80°C or processed immediately by mixing with 30 μL of standard SDS-PAGEreducing Laemmli buffer (Bio-Rad) and placed in a boiling water bath for 10 min and run on a protein gel as described above for immunoblotting.
Immunofluorescence microscopy and morphometric measurements
Treated HDM EC monolayers grown on gelatin-coated glass were washed briefly and fixed in 95% ethanol for 30 min at 4°C. For two-color immunofluorescence imaging, monolayers were incubated overnight in anti-caludin-5 antibody (Invitrogen), ZO-1 (ThermoFisher), CD144 (eBiosciences), CD31 (Life Technologies), JAM-A (R&D Biosystems), and JAM-C (R&D Biosystems) and diluted in Tris-buffered solution/0.2% Triton-X-100/5% normal donkey serum. Donkey Alexa488 and Alexa594 Donkey secondary antibodies along with phalloidin-488 (Life Technologies) were used to detect primary antibody and β-actin. Glass coverslips were mounted for immunofluorescence analysis in ProLong mounting media (Invitrogen). Randomly selected (minimum of five images per experimental condition) fluorescence photomicrographs were collected by using a Zeiss Axiovert fluorescence microscope and Plan-APO CHR OMAT, 63× oil objective (Zeiss) with an ORCA-ER digital camera (Hamamatsu Photonics).
electron microscopy
ECs, isolated and propagated as described above in the Isolation of HDM ECs section, were seeded onto fibronectin-coated high-density 0.4-mm-pore-size, six-well-format cell culture inserts (BD Biosciences) and prepared for electron microscopy as previously described (Kluger et al., 2013) . TJ ultrastructures were identified by transmission electron microscopy (JEOL) imaging as sites where membranes converge as electron-dense material indicative of intracellular cytoplasmic plaque proteins. Juxtapositions of plasma membrane processes from neighboring ECs were scored as TIG structures where at least one layer has a visible blunt end surrounded on three sides by membrane protrusions originating from an adjacent cell. statistics Data are expressed as means ± SDs. Statistical analyses were performed by using GraphPad Prism software (V7.0b, Graph-Pad). Unpaired t test or Mann-Whitney U tests were used to make statistical comparisons between normal donor and SCLS HDM ECs in different treatment groups. In all experiments, P < 0.05 was considered statistically significant. experimental guidelines approval statement All experiments in this work were approved by Yale University's Human Investigation Committee. Additional assent and consent for whole-exome sequencing studies were obtained and stored by the Pediatric Genomic Discovery Center as dictated by Yale University. No animals were used in this work. online supplemental material Fig. S1 shows confocal staining for ZO-1, CD144, JAM-A, CD31, and β-actin of patient and normal donor HDM ECs treated with 0.5 ng/ml TNF. Fig. S2 shows the TEER response of normal donor and patient HDM ECs treated with 100 ng/ml LPS and 1 ng/ml IL-1 as well as confirmatory siRNA knockdown of p190BRhoGAP in normal donor HDM ECs. acknoWledGMents
